The mechanical and physiological functions of bone as an organ, tissue and substance are highly dependent on the structural, spatial, and chemical interactions of its major components: the mineral phase, the collagen fibrils and the non-collagenous proteins [1]. Previous studies have indicated hierarchical and highly ordered structures in bone based on small-angle X-ray and neutron scattering [2,3], high-voltage TEM [4], and atomic force microscopy [5] . Subsequently, 2D and 3D models of the supramolecular structure of collagen fibrils have been developed to demonstrate the remarkable architecture [6] . Despite these studies, however, the exact relationships between mineral crystals and collagen fibrils at the ultra-structural and molecular levels continue to be a major scientific challenge [1]. An important aspect of this challenge is to understand the dynamic structure of mineral phase in bone at different stages of mineralization, which is of fundamental importance in biology and medicine. Here we applied x-ray diffraction microscopy to nondestructive and quantitative imaging of the mineral crystals inside biological composite materials -intramuscular bone -at different stages of mineralization [7] .
Methods
We studied intramuscular fish bone from Alewife herring, having a different content of mineral crystals. This material is composed mostly of collagen and other proteins with a calcium phosphate (apatite) mineral phase embedded inside the collagen fibrils [8] . Bones were freshly dissected, frozen and ground as previously described [8] . Prior to grinding, the bones were divided into sections of no, low and high mineral crystal contents. Bone particles with a size of ~ 2 µm were dispersed in pure ethanol and deposited on thin silicon nitride membranes. The well-isolated and micron-sized particles were selected by a light microscope and used for the coherent x-ray diffraction experiment.
Our x-ray diffraction microscope, shown in Fig. 1 , was mounted on an undulator beamline (BL29XUL) at SPring-8 [9] . A monochromator and a front-end slit were used to control the temporal and spatial coherence of 5 keV x-rays. A 20-µm pinhole was placed in front of the sample to make a small and coherent beam. The pinhole produced an Airy pattern as well as the parasitic scattering due to the surface roughness of the pinhole edge. A silicon aperture with beveled edges, positioned just in front of the sample, was used to clean the parasitic scattering and the higher orders of the Airy pattern. The sample was mounted on a rotary stage for 3D data acquisition. The diffraction patterns were collected by a liquid-nitrogen-cooled CCD detector with 1340 × 1300 pixels and a pixel size of 20 × 20 µm 2 . To eliminate scattering form air and operate the CCD in liquid nitrogen temperatures, the experiment was performed in vacuum with a pressure of ~ 10 -6 torr. By using this microscope, coherent x-ray diffraction patterns were obtained from bone particles at different stages of mineralization. Figs. 1B and C show the diffraction pattern and the corresponding reconstructed image of a highly mineralized bone particle. 
Achievements
We have performed 3D spatial analysis of the mineral crystals inside the collagen matrix by using x-ray diffraction microscopy. We identified the spatial relationship of mineral crystals to collagen matrix at different stages of mineralization [7] . Based on the results of our x-ray diffraction microscope and other methods, we suggested a dynamic mechanism to account for the nucleation, growth and orientation of mineral crystals in the collagen matrix at different stages of mineralization (Fig. 2) [7] . These findings will not only enable us to obtain a better understanding of the 3D complex structure of bone at the nanometer scale resolution, but also provide important design principles for hard tissue engineering and the development of biocompatible materials. 
